Background-Changes in myocardial microstructure are important components of the tissue response to infarction but are difficult to resolve with current imaging techniques. A novel technique, diffusion spectrum MRI tractography (DSI tractography), was thus used to image myofiber architecture in normal and infarcted myocardium. Unlike diffusion tensor imaging, DSI tractography resolves multiple myofiber populations per voxel, thus generating accurate 3D tractograms, which we present in the myocardium for the first time. Methods and Results-DSI tractography was performed at 4.7 T in excised rat hearts 3 weeks after left coronary artery ligation (nϭ4) and in 4 age-matched controls. Fiber architecture in the control hearts varied smoothly from endocardium to epicardium, producing a symmetrical array of crossing helical structures in which orthogonal myofibers were separated by fibers with intermediate helix angles. Fiber architecture in the infarcted hearts was severely perturbed. The infarct boundary in all cases was highly irregular and punctuated repeatedly by residual myofibers extending from within the infarct to the border zones. In all infarcts, longitudinal myofibers extending toward the basal-anterior wall and transversely oriented myofibers extending toward the septum lay in direct contact with each other, forming nodes of orthogonal myofiber intersection or contact. Conclusions-DSI tractography resolves 3D myofiber architecture and reveals a complex network of orthogonal myofibers within infarcted myocardium. Meshlike networks of orthogonal myofibers in infarcted myocardium may resist mechanical remodeling but also probably increase the risk for lethal reentrant arrhythmias. DSI tractography thus provides a new and important readout of tissue injury after myocardial infarction. (Circ Cardiovasc Imaging. 2009;2: 206-212.)
M ethods to determine left ventricular ejection fraction and the presence of cardiac wall motion abnormalities have become accepted organ-scale indicators of cardiac mechanics and function. However, these measures are limited in their ability to discern the structural basis underlying the development of heart failure and lethal ventricular arrhythmias. There is thus intense interest in the development of noninvasive imaging techniques that provide novel readouts of myocardial structure and function 1 and have the potential to characterize the microstructural response of the myocardium to injury and elucidate potential mechanistic links between molecular and organ scale pathology. 1, 2 
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As demonstrated in pioneering histological studies, 3 myofibers in normal myocardium form a series of crossing helical structures, in which the helix angle (angle at which the myofiber spirals around the long axis of the left ventricle) varies smoothly from a left-handed helix (0°to negative 90°) in the subepicardium to a right-handed helix (0°to 90°) in the subendocardium. 3 Alterations in this myofiber pattern after myocardial infarction and in various cardiomyopathies have been detected both histologically and with noninvasive im-aging techniques. 4 -9 However, current noninvasive imaging techniques are unable to visualize small groups of myofibers as continuous and highly resolved 3D anatomic entities. Changes in myocardial fiber architecture have thus often been inferred from changes, measured at discrete points in the myocardium, in the average helix angle and the fractional anisotropy of the myofibers in that voxel. 4 -9 Although this approach has utility, 4 -9 the ability to image myofibers as finely resolved 3D tracts would represent a significant advance and probably would provide novel insights into both mechanical and electric events in the injured myocardium.
Diffusion-weighted MRI exploits the preferential diffusion of water along the direction of muscle and nerve fibers. 10 Diffusion tensor MRI (DTI) can be used to image the average direction of water diffusion in a voxel and derive a primary diffusion vector (primary eigenvector) for that voxel. [11] [12] [13] The recent development of diffusion spectrum MRI tractography (DSI tractography), however, provides a platform to image myocardial fiber architecture with an unheralded level of detail and accuracy. 10,14 -16 Tractography involves the integration of individual diffusion vectors in a 3D field to yield continuous individual fibers and has been performed with DTI datasets in the brain and to a lesser extent in the tongue and heart. [17] [18] [19] [20] [21] Diffusion spectrum MRI (DSI), however, supports the creation of significantly more robust tractograms because it is able to resolve multiple individual diffusion vectors per voxel rather than only the single composite vector produced by DTI. 10,14 -16 DSI tractography in the brain and tongue has resolved complex and converging fiber anatomy with significantly greater accuracy than DTI. 10,14 -16,22 In the current study, DSI tractography resolves, for the first time, 3D myocardial fiber architecture with both high angular and spatial resolution. Moreover, this method provides a platform for the robust visualization of normal myofiber anatomy and the changes in 3D myofiber architecture occurring in infarcted hearts. Using DSI tractography, we demonstrate a pattern in normal myocardium of crossing helical myofiber tracts, with the helix angle varying smoothly from the endocardium to the epicardium. After induced myocardial infarction, we observed that the normal architectural pattern is replaced in parts of the infarct by a meshlike network of orthogonally oriented residual myofibers, extending from within the infarct to the septal and basal border zones. We propose that this configuration of myofiber anatomy has important implications for both mechanical remodeling and electric conduction in patients who have had a myocardial infarction and thus has broad clinical and translational relevance.
Methods

Principles of DSI Tractography
The physical basis of DSI tractography is described briefly below. The reader interested in a more mathematical description of the technique is referred to the supplementary materials. Diffusion is a physical property that represents the random translational motion of water molecules in tissue and is principally affected by the location of diffusional barriers such as membranes or cytoskeletal fibers. In muscular tissue, diffusion is greatest along the direction of individual or populations of muscle fibers due to their elongated and cylindri-cally symmetrical geometry. 20, 23 Conversely, diffusion is smallest when normal to the surface of a myofiber. 20, 23 DSI acquisitions are assembled by sampling q-space, where q-space is a formalism representing diffusion weighting as a function of the strength and direction of the magnetic field gradient applied during the MRI experiment. Each voxel in physical 3D space has a unique diffusion signature representing the sum of all molecular diffusion events occurring within the indicated tissue. The more a directionally specific diffusion gradient is aligned with the particular fibers in the voxel, the greater the attenuation of the MR signal will be. In contrast to conventional DTI, which involves 6 diffusionencoding gradients, DSI characteristically uses 515 diffusionencoding gradient vectors. Each point in q-space represents the MR signal intensity in the voxel during the application of a particular q-vector. The MR signal is brightest when the q-vector is orthogonal to fiber direction and most attenuated (weakest) when it is applied along the direction of fiber orientation. An inverse Fourier transform of q-space yields a probability density function of fiber orientation per voxel and may include multiple local maxima, each denoting a distinct fiber population. By convention, the probability density function is converted into an orientation distribution function by radially integrating the probability density function, producing a probability distribution that is a function of only of fiber angle. The number of directions in which the 3D diffusion function (q-space) is sampled translates into the maximum possible angular resolution of the technique.
Tractography constructs fiber tracts by determining a set of streamlines from the vector directions in the orientation distribution function vector field, with intervoxel connectivity determined by a threshold vector angle (ϽϮ17.5°in the current study). The tractography algorithm is constructed such that the tract assumes a path of minimum angular difference. Similarly, if the voxel contains 2 or more compatible paths, the tract will take that of the least angular difference. Fiber tracts in the myocardium are encoded by the helix or spiral angle they make with the long axis of the left ventricle.
Experimental Protocol
Excised hearts from 4 normal and 4 infarcted adult Sprague-Dawley rats were studied. Infarction was produced by permanent suture ligation of the left anterior descending coronary artery. After a 3-week interval, the hearts were perfusion-fixed and excised under deep surgical anesthesia with pentobarbital. Perfusion-fixation of the myocardium was achieved by cannulating the inferior vena cava and infusing a 4% paraformaldehyde solution, after which the excised hearts were stored in a 1% paraformaldehyde solution. The hearts from the age-matched control (noninfarcted) rats were perfusionfixed and excised in an identical manner. All experiments were performed in accordance with regulations for the humane care of laboratory animals at our institution.
Diffusion-weighted MRI of the excised hearts was performed on a 4.7-T horizontal bore magnet (Biospec 4.7T, Bruker, Billerica, Mass) equipped with a 400-mT/m (120-mm internal diameter) gradient. The hearts were immersed in the fluorocarbon Fomblin (Ausimont, NJ) and imaged with a tailored solenoid radiofrequency coil. A 3D echoplanar sequence was used with an isotropic spatial resolution of 0.4 mm and echo time of 39 ms. Diffusion encoding, after the 90°excitation pulse, was produced by 2 gradient pulses separated by a 180°refocusing pulse. The maximum b-value (diffusion weighting term proportional to the square of the diffusion gradient multiplied by the diffusion time) was chosen to attenuate the myocardial signal completely and was approximately 10 4 . The repetition time between adjacent q-vectors was adjusted to produce a signal to noise ratio Ͼ100 in the presence of a b-value of zero and ranged from 1000 to 1500 ms. This resulted in an imaging time (515 q-vectors, no parallel acquisition, repetition time of 1000 to 1500 ms) of approximately 12 hours for each heart.
After imaging, the hearts were sectioned for the histological assessment of overall morphology and myofiber orientation, using hematoxylin-eosin and Masson trichrome staining. The hearts were cut longitudinally in the 4-chamber (horizontal long axis) orientation in 5-m-thick sections beginning on the anterior free wall surface of the left ventricle. A semiquantitative correlation score between fiber architecture in the infarct by DSI and by histology was derived by 2 observers. A fiber was assigned a score of 1 if its location and course on the DSI tractograms replicated its histological form extremely closely. If a good but incomplete correlation was seen between DSI and histology, the fiber was assigned a score of 0.5, and, if no correlation was seen, a score of zero. Postprocessing of the DSI datasets, including generation of the orientation distribution functions and DSI tractograms, was performed using software (Diffusion Toolkit, TrackVis) developed in our center. The tractograms were generated either as projection images of the entire heart or as tomographic reconstructions, where only fibers passing through a prescribed 2D slice (0.4 mm thick) or a spherical region of interest (radius ranging from 1 to 8 voxels) were displayed. Nodes of orthogonal myofiber intersection or contact (NOMIC) were detected by sweeping a 0.27 mm 3 (radius equal to 1 voxel) spherical region of interest across areas of infarcted myocardium. A NOMIC was defined at each point where orthogonal myofibers passed through the same 0.27-mm 3 region of interest, without the presence of intervening myofibers. A minimum spacing of 1 voxel was placed between successive NOMICs.
Results
As shown in Figure 1 , DSI tractography robustly resolved the transmural variation in myofiber helix angle. In normal hearts, myofibers in the midmyocardium were aligned circumferentially around the long axis of the left ventricle (zero helix angle), subendocardial fibers had a positive or righthanded helix angle, and myofibers in the subepicardium had a negative or left-handed helix angle. The transition in fiber helix angle from endocardium to epicardium occurred in a smooth and symmetrical manner, with little dispersion in the helix angle at a given transmural plane.
Fiber architecture in normal rat myocardium is shown in more detail in Figure 2 . Fiber tracts in both the subendocardium (Figure 2A and 2B) and subepicardium ( Figure 2D and 2E) of the lateral wall form convex half-turns of a spiral. However, the fibers in the subendocardium of the lateral wall are aligned from the posterior-base to antero-apex ( Figure 2F and 2G), forming a positive right-handed helix, and those in the subepicardium ( Figure 2I and 2J) from the anterobase to the postero-apex forming a negative or left-handed helix. The circumferential fiber tracts in the midmyocardium formed a single complete turn around the minor axis of the left ventricle on the DSI tractograms ( Figure 2C and 2H). The helix angle at identical transmural locations in the septum was equal to that in the lateral wall. However, right-handed fibers in the septum coursed from the anterobase to the postero-apex and left-handed fibers from the postero-base to the antero-apex, completing a loop of their respective helices.
Changes in myofiber architecture in the infarcted hearts were best visualized in an orientation looking down onto the anterior and lateral walls of the left ventricle ( Figure 3 ). In the control hearts, a regular network of myofiber sheets consisting predominantly of subepicardial (yellow-green) and midmyocardial (blue) fibers was visualized in this orientation (Figure 3) . A profound loss of myofibers was seen in the infarcted myocardium, and myofiber tract length in the entire heart was reduced from 10.5Ϯ0.7 mm in the normal hearts (meanϮSEM) to 6.9Ϯ0.8 mm in the infarcted hearts (PϽ0.05). The infarct boundary in all cases was highly irregular and punctuated at frequent intervals by strands of residual myofibers extending from within the infarct to the basal and septal border zones (Figure 3 ). Far fewer and significantly smaller strands of residual myofibers extended from the infarct into the border zones at the anterolateral apex ( Figure 3) . A high degree of correlation (correlation score, 0.79Ϯ0.08) was seen between the myofiber patterns on the DSI tractograms and the corresponding histological sections through the left ventricles of the infarcted hearts ( Figure 3) .
In normal myocardium, subendocardial fibers and orthogonally oriented mid/subepicardial fibers coursed through completely different transmural planes (separated by myofibers with intermediate helix angles) and thus did not intersect (Figure 4 ). In all 4 infarcted hearts, however, longitudinally oriented myofibers (pink) extended from within the infarct to the border zones in the basal anterior and lateral walls and formed a complex network of orthogonal myofibers with transversely oriented midmyocardial (blue) and subepicardial (green) fibers coursing from within the infarct to the septum (Figures 3 and 4) . The normal transmural evolution of myofiber helix angle was lost in infarcted myocardium and replaced by a single composite layer of tissue containing myofiber strands with highly disperse helix angles. The longitudinally oriented myofibers extending from the within the infarcts to the base were characterized by strongly positive helix angles, consistent with residual subendocardial or subendocardial-like myofibers. Moreover, these residual subendocardial-like myofibers were not separated by intervening myofibers from the orthogonal mid/subepicardial myofibers, which coursed from the infarct to the septum. Each infarct was thus characterized by an area where orthogonally oriented residual myofibers lay in direct contact with each other (Figure 4) , forming NOMICs. The portion of the infarct zone with myofiber architecture supporting the formation of NOMICs averaged (meanϮSEM) 33.8Ϯ3.4% and was found in the more basal and septal portions of the infarcts, as shown in the infarcted heart in Figure 5 . Within this area, an average of 7Ϯ0.7 (meanϮSEM) NOMICs were present in each of the infarcted hearts.
Discussion
Despite significant advances in delineating the molecular basis of myocardial injury, the translation of this knowledge into novel therapies has been slow. A compelling need thus exists to develop novel noninvasive imaging techniques capable of resolving myocardial pathology at the microstructural and molecular levels to accelerate the translation of this knowledge into the clinical setting. 1, 2 In this study, we present the first application of DSI tractography in the myocardium and show that the technique is able to resolve myocardial fiber architecture in the intact heart with an exceptional level of detail and accuracy. We show, moreover, using DSI, that a complex network of residual myofibers is present in Figure 3 . Projection DSI tractograms looking down onto the anterior and anterolateral walls of a normal (A) and an infarcted (B) rat heart. A, The visualized fibers in the control heart have helix angles consistent with subepicardial (green-yellow) and midmyocardial (blue) myofibers and are arranged in an orderly and dense network of myofiber sheets. B, Myofiber architecture is severely perturbed in infarcted myocardium. The infarct boundary is highly irregular and characterized by frequent strands of residual myofibers extending from within the infarct to its basal and septal border zones. The apical and lateral portions of the infarct, however, have far fewer and significantly smaller residual myofibers. Longitudinally oriented subendocardial-like myofibers (pink) extend from the infarct to its basal border zone and form a network of orthogonal myofibers with the transversely oriented midsubepicardial fibers (blue-green) that course from the infarct to the septum. C, Hematoxylin-eosin-stained section of normal myocardium (demarcated by the black lines in panel A). D, Masson trichrome-stained section of the infarcted heart, showing intact strands of transverse myofibers (brown) coursing from the infarct to the septum. E, hematoxylin-eosin-stained section showing longitudinal strands of myofibers extending from the infarct to its basal border zone. A high degree of correlation is seen between the DSI tractograms and their corresponding histological sections.
infarcted myocardium and that these fibers form NOMICs within the infarct.
MRI is uniquely able to image muscle and nerve tracts due to its sensitivity to the diffusion of water. 10 During DTI, 6 diffusion-encoding gradients are applied to determine the direction of preferred diffusion (primary eigenvector), which corresponds to the long axis of myofibers. [11] [12] [13] The mean helix angle in a voxel, derived from a composite primary eigenvector, can be used to approximate the average myofiber orientation in that voxel. 4 -9,11 DTI has been used to demonstrate a loss of right-handed (subendocardial) fibers and a decrease in fiber anisotropy in infarcted myocardium. 4, 5, 7 Multivoxel tracts have been constructed in the brain and to a lesser extent in the tongue and myocardium using DTI. [17] [18] [19] [20] [21] However, DTI is significantly limited in its angular and spatial resolution and cannot fully resolve converging, crossing, or complex fiber geometries. 10,14 -16 DSI, however, is able to resolve multiple distinct fiber populations per voxel and has demonstrated the capacity to visualize complex and intersecting fiber tracts in the tongue and the brain. 10,14 -16 The ability of DSI tractography to detect multiple fiber tracts in a single voxel allowed the presence of residual orthogonal myofibers and NOMICs in the infarcted myocardium to be detected in volumes as small as 0.27 mm 3 in this study (Figures 4 and 5) .
The presence of a network of orthogonally oriented residual myofibers within the infarct is likely to provide tensile strength and resist infarct expansion and remodeling. Far fewer residual myofibers were seen in the apical portions of the infarcts (Figure 5 ), which may explain the propensity for aneurysm formation in this location. The presence of a network of residual myofibers within an infarct, however, could also constitute a substrate that is highly susceptible to electric reentry and ventricular tachycardia. 24 The formation of a meshlike myofiber network within the infarct is thus likely to provide mechanical advantage at the cost of significant electrophysiological risk.
DSI tractography is a 3D imaging technique in which fiber tracts can be visualized from any orientation and can follow curved trajectories in 3D space. Histological sections, however, are inherently 2D. Moreover, the DSI tractograms in this study were visualized either as projection images or as 0.4-mm-thick tomographic reconstructions, whereas the histological sections were only 5 m thick. A histological section tangential to the myocardium is thus less likely than a DSI tractogram to visualize both subendocardial and subepicardial fibers. Despite these differences, the residual myofibers seen with DSI tractography in the infarcted hearts were well observed in the corresponding histological sections, with a high degree of correlation between the 2 techniques (Figures 3 and 5) .
The effect of tissue fixation on diffusion MRI has been extensively studied. 13, 25, 26 Tissue fixation reduces the overall diffusion scalar but does not change the relative magnitudes or directions of the diffusion vectors. 25, 26 Although stronger b-values (diffusion gradients) are required after fixation, DTI of fixed tissue has been shown to produce fiber orientations and tractograms identical to those obtained in live and fresh unfixed tissue. 25, 26 It has also been suggested that in the myocardium DTI of fixed tissue may produce more accurate data than that obtained in fresh perfused tissue due to the absence of flow artifacts and the ability to obtain data with higher signal to noise. 13 The ability of DSI tractography to resolve complex changes in myofiber architecture in infarcted myocardium has been demonstrated in this study. Further study will be needed to determine whether these changes are replicated in large animals and humans and to fully characterize their electrophysiological impact. Diffusion MRI of the human myocardium has been performed in vivo, 4, 27, 28 and a clear pathway to clinical translation of DSI tractography in the myocardium exists: Scan times in humans will be reduced by the shorter T 1 (longitudinal relaxation time) of the myocardium at clinical field strengths and the consequent ability to shorten the repetition time, adjustment of the DSI algorithm will be performed to achieve adequate spatial and angular resolution with significantly fewer than 515 diffusion-encoding gradients, and highly accelerated parallel acquisitions with 32 and 128 channel cardiac arrays will be used. 29 In conclusion, we have applied DSI tractography ex vivo to image myocardial fiber architecture with an unheralded level of precision. Moreover, the potential of a meshlike network of orthogonal myofibers to persist in portions of infarcted myocardium has been identified. Our study demonstrates that DSI tractography has the capacity to robustly identify microstructural changes in myofiber anatomy and provide readouts relevant to both mechanical remodeling and electric conduction in the diseased ventricle. Although further study will be required, DSI tractography has the potential to become a highly valuable imaging technology in cardiovascular medicine.
